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Variation-Resilient Building Blocks for
Ultra-Low-Energy Sub-Threshold Design

Nele Reynders, Student Member, IEEE, and Wim Dehaene, Senior Member, IEEE

Abstract—This paper presents the design of variation-resilient
ultra-low-voltage circuits functioning at MHz-speed. By careful
design, robust digital circuits operating in the sub-threshold region
are achieved. The paper discusses circuit techniques to obtain
building blocks that are able to overcome the high sensitivity to
variations and the decreased current ratios in sub-threshold while
retaining MHz-performance. The building blocks are successfully
implemented in two chips fabricated in 90 nm CMOS technology.
Measurements show that the variation-resilient designs are fully
functional at ultra-low supply voltages and obtain clock frequen-
cies in the MHz-range and sub-pJ energy consumptions.

Index Terms—CMOS digital integrated circuits, sub-
threshold logic, transmission gate logic, ultra-low energy,
variation resilience.

I. INTRODUCTION

HE energy consumption of digital circuits can drastically

be reduced by lowering their supply voltage [1]. Operating
circuits in the sub-threshold region is the extreme case of supply
reduction [2], [3]. The main advantage of sub-threshold circuits
is the minimization of the dynamic energy consumption. How-
ever, due to the decreased currents in this region, the speed
of these circuits is limited. Therefore, sub-threshold circuits
are mostly adequate for applications with very limited en-
ergy budget but less stringent speed performance requirements.
Nonetheless, achieving speeds in the MHz-region is preferable
to make sub-threshold circuits attractive for industrial applica-
tions, e.g., in hearing aids and body sensor networks.

Two main issues can compromise the functionality of circuits
operating in the sub-threshold region. First, the ratio between
the on-current I,, and the leakage current I,z decreases
severely at lower supply voltages. More precisely, Fig. 1(a)
shows the relevant I, /I,g-ratios of LVT transistors as a
function of V4. The Loy /Ios n-ratio is always approximately
a factor 100 smaller than the I, ,/log p-ratio, and at low
supply voltages, it becomes problematically low. Second, sub-
threshold circuits suffer from an exponential sensitivity to vari-
ations. This results in a deteriorated functionality and in highly
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Fig. 1. (a) Relevant Ion /I, ratios as a function of the supply voltage.

(b) Variation of the propagation delay of a regular-sized CMOS inverter as a
function of the supply, obtained with 1000 Monte Carlo simulations.

variable gate delays. To illustrate the latter, the percentage
variation under intra-die variations of the propagation delay of
a regular-sized CMOS inverter as a function of V34 obtained
with Monte Carlo (MC) simulations is shown in Fig. 1(b).
An inverter that is sized for normal operation at a super-
threshold supply displays a high increase in propagation delay
variation when lowering Vg4, particularly in the sub-threshold
region. The classical way of dealing with variations is to take
design margins to ensure yield. However, because of the high
sensitivity to variations of sub-threshold circuits, the accumu-
lation of design margins compromises the low-power benefit of
operating in sub-threshold. Therefore, this is not the optimal
manner of coping with the increased variations. Recently, [4]
has also proposed an alternative method that utilizes timing
error-detection circuits in the sub-threshold to account for both
local and global variations.

Both issues can be overcome by careful circuit design, re-
sulting in building blocks for a robust sub-threshold system.
This paper discusses techniques for sub-threshold circuit design
focusing on variation-resilience and on achieving ultra-low-
energy MHz-speed, while countering the decrease in current
ratios. The paper compares different topologies used in state-
of-the-art sub-threshold designs and discusses the various sub-
threshold tradeoffs. Furthermore, an in-depth analysis of the
impact of variations is given. To validate the proposed tech-
niques (i.a., transmission gate (TG) logic extended with nMOS
stacking), they are implemented in two different designs [5], [6]
of which measurement results are shared. These results serve as
an illustration of the influence of different architectural design
decisions. All results, both simulation and measurement, are
obtained with a 90-nm CMOS technology.

Section II discusses in detail the circuit design of the
sub-threshold building blocks. These building blocks were
implemented in two sub-threshold datapath chips, of which
Section III describes the architectural choices and the measure-
ment results. Finally, Section IV concludes this paper.

1549-7747/$31.00 © 2013 IEEE
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Fig. 2. Schematic of (a) a standard CMOS inverter sized for sub-threshold
operation and (b) a stacked nMOS inverter with relaxed pMOS sizing.
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Fig. 3. For V3q = 200 mV: (a) Current percentage of stacked nMOS transis-
tors relative to a single nMOS transistor, as a function of the amount of stacked
nMOS transistors. (b) Width of pMOS relative to nMOS (left axis) as a function
of the amount of stacked nMOS transistors in the CMOS inverter, in order to
reach a maximal and balanced noise margin (right axis).

II. DESIGN OF THE BUILDING BLOCKS
A. LVT Transistors

Since modern deep sub-micron technologies offer multiple
V; options, a choice has to be made concerning the threshold
voltage selection. The inherent disadvantage of working in the
sub-threshold region is the speed deterioration. However, by
using low-V; (LVT) transistors that have higher currents than
standard-V; (SVT) or high-V; (HVT) transistors for the same
supply voltage, a maximal sub-threshold speed can be guar-
anteed. Naturally, the use of LVT transistors also aggravates
leakage. However, the increased leakage can be handled by
taking this into account during circuit level design. The building
blocks in this paper are therefore always constructed with LVT
transistors, which is a first step to obtain sub-threshold circuits
with MHz-range operating frequencies.

B. Inverter

Since the inverter is the most basic element, it is discussed as
the first building block. To enable ultra-low-voltage operation
for a standard CMOS inverter, the nMOS and pMOS transistor
should be carefully balanced so that the noise margin is max-
imized [7]. Equalizing nMOS and pMOS strength is feasible
by sizing the width of the pMOS transistor, often resulting in a
very large relative width. In this 90-nm CMOS technology, the
pMOS needs to be 11x wider than the nMOS in a standard
CMOS inverter [5] [Fig. 2(a)]. A solution to this issue is to
employ nMOS stacking because stacking the nMOS transistor
reduces both its I,, and its I,g. Fig. 3(a) shows the effect
stacking has on the currents. As a result, the pMOS sizing can
be relaxed without degrading the noise margin, as can be seen in
Fig. 3(b). The effect of stacking on the currents and thus on the
pMOS sizing reduces with the amount of stacked transistors.
Therefore, it is optimal to stack the nMOS transistor twice,

+ Inverter (P=3)
) V Inverter (P=11)
25 izl O Inverter nMOS Stacked (P=6)
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Fig. 4. Variation of propagation delay of CMOS inverters with and without
nMOS stacking as a function of the supply, obtained with 1000 MC simulations.

resulting in a relative pMOS width of 6. Stacking not only
allows relaxed pMOS sizing, but also decreases the leakage
through the nMOS transistor, which reduces the static power
consumption. Using a stacked nMOS inverter [see Fig. 2(b)]
results in an increased nominal propagation delay of 23%, but
this is outweighed by the total area reduction of 33% and
the leakage power reduction of 61% compared to the regular
inverter (at Vgq = 200 mV). Moreover, the next paragraph
discusses the positive effect that the stacked nMOS inverter has
on delay variations.

Due to the exponential sensitivities to variations of sub-
threshold circuits, the variation of the gate delay is an essential
characteristic. It is shown that V;-mismatch is the dominant
source of delay variations in sub-threshold operation [8], [9].
Therefore, MC simulations were performed on the standard
CMOS inverter versus the inverter with nMOS stacking (Fig. 4).
Adequately sizing the standard CMOS inverter (P = 11) to
sub-threshold restrictions clearly lowers the variation of propa-
gation delay in the sub-threshold region compared to a regular-
sized inverter [see Fig. 1(b)]. However, Fig. 4 also shows that
using a stacked nMOS inverter further decreases the delay vari-
ation. To summarize, introducing nMOS stacking increases the
nominal propagation delay slightly, but it significantly reduces
the variation of the delay. Due to the variation-resilience of the
stacked nMOS inverter, lower design margins have to be intro-
duced to cope with timing variations compared to conventional
inverters. Therefore, the stacked nMOS inverter is the optimal
choice of sub-threshold inverter topology.

C. Logic Gates

The logic gate topology is a crucial choice for sub-threshold
circuit design. A first option is to use standard CMOS logic.
As previously mentioned, to acquire equal noise margins in
the sub-threshold region, the pMOS width often needs to be
sized excessively compared to the nMOS width. Logic gates
that consist of stacked pMOS transistors (e.g., a NOR gate)
hence require even more excessive pMOS sizing. Stacking the
nMOS transistors of a NOR gate can relax the pMOS sizing, but
the total area consumption is still high. Recently, [10] and [11]
have also suggested to increase the channel length to improve
the transistor’s sub-threshold behavior. However, balancing the
pull-up and the pull-down transistors through length sizing to
ameliorate sub-threshold functionality of standard CMOS logic
is difficult. This is due to the high sensitivity of the current as
a function of the transistor’s length to process and technology



900 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 59, NO. 12, DECEMBER 2012

O
B I
A_q E_o_ out
out
A_I B _I Vss
_ll?:l_
= = B

() (b)

Fig. 5. Schematic of (a) a standard CMOS NOR and (b) a TG NOR with
nMOS stacking to reduce leakage.

parameters. In general, transistor sizing at ultra-low-voltage op-
eration is strongly technology dependent [12]. Additionally, the
use of sub-threshold source-coupled logic [13] offers promising
results, particularly for nanometer-scale technologies, but this is
beyond the scope of this paper.

Another option for sub-threshold logic gates proposed in
[5] is the use of transmission gate (TG) logic extended with
nMOS stacking. As opposed to standard CMOS, there is
no need for transistor balancing through sizing since there
is always an nMOS and a pMOS included in a conducting
path. To improve the problematically low I,y ,,/Iof n-ratio and
the imbalanced rise and fall times both nominally and under
variations, the nMOS transistor is stacked. This results in a
decreased leakage current Iog, [14] and thereby mitigates
the current ratio problems. Without nMOS stacking, there is
a large difference between the rise time and the fall time
of a transmission gate because the minimal nMOS is much
stronger than the minimal pMOS. Stacking the nMOS tran-
sistor of TG logic results in a more balanced rise and fall
time and thus has no negative impact on the speed of the
logic gate.

In the following analysis, standard CMOS logic with pMOS
width upsizing (abbreviated to CMOS) and TG logic extended
with nMOS stacking (abbreviated to TG) are compared on
various logic gate characteristics. The analysis is performed on
a NOR gate (Fig. 5) because it is an elementary logic function
and a difficult gate in standard CMOS logic because it requires
pMOS stacking. Since all logic gates in TG logic have the
same generic structure [6], the results for other TG logic gates
will be very similar to the ones of the NOR. In the analysis,
the NOR is subjected to inter- and intra-die variations. Due
to the exponential sensitivity to variations, it is of the utmost
importance to design variation-resilience sub-threshold circuits.

Because of the small supply voltage swing, an important
characteristic in sub-threshold design is the output signal loss
of logic gates. Too much signal loss can cause the subsequent
gate to wrongly interpret the logic value. Signal losses can be
overcome by regenerating the signal, e.g., through an inverter.
For example, in a datapath with a high logic depth, intermediate
signals of cascaded logic gates can be regenerated to ensure
correct output levels. However, the lower the amount of signal
loss, the less frequent inverters need to be inserted to restore the
signal levels to the supply rails.

Fig. 6 compares a TG and a CMOS NOR gate on the
percentage signal loss their output has relative to the total
supply swing, under inter-die variations. Only the worst-case
corners are shown as a function of Vyq. In the case of signal
loss on the logic low level, the logic gates perform worst in
the slow-nMOS fast-pMOS (snfp) corner because of the weak-

Corner snfp Corner fnsp

16 16

14, 14
T 12 X TG Nor T 12 X TG Nor
210 ¢ cMos Nor 510 ¢ cmos Nor
3 T
@ @
a2 8 o 8
K] S
g, 6 g, 6
o 4 » 4

%M.. "

0 0

0.15 0.18 0.21 0.24 0.27 0.3 0.

Ve V1
(a) (b)

Fig. 6. Percentage signal loss for different topologies of a NOR gate in the
worst-case corner of (a) logic low and (b) logic high level as a function of V4.
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Fig. 8. Variation of propagation delay of different topologies of a NOR gate
as a function of the supply, obtained with 1000 MC simulations.

ened nMOS transistor versus the strengthened pMOS transistor.
Respectively, at signal loss on the logic high level, this worst
case applies to the fast-nMOS slow-pMOS (fnsp) corner. Fig. 6
shows that the signal loss aggravates when the supply voltage
lowers and the circuits operate more in sub-threshold. It is clear
that the TG NOR outperforms the CMOS NOR in signal loss
on the logic low level, and TG logic is also the better option in
the case of signal loss on the logic high level. The output swing
degradation analysis is also performed for intra-die variations
by carrying out extensive MC simulations for a supply of
200 mV. Fig. 7 demonstrates that the TG NOR performs sig-
nificantly better under intra-die variations for signal loss on the
logic low level and comparably for the logic high level.

Another essential characteristic is the variation of sub-
threshold gate delay. As previously mentioned, intra-die varia-
tions are the dominant deteriorating influence on the variation in
delay. Therefore, Fig. 8 shows the variation of the propagation
delay as a function of V4. The TG NOR displays overall
less delay variations than the CMOS NOR.
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Fig. 9. Schematic of cascade of n logic gates, followed by an inverter.

One of the other advantages of TG logic is that it uses
considerably smaller transistor dimensions compared to stan-
dard CMOS logic while achieving better variation-resilience.
Moreover, upsizing is often necessary to reduce the sensitivity
to variations of ultra-low-voltage standard CMOS logic [15],
[16]. These extra margins are not necessary for TG logic.
An extra benefit of TG logic is that it does not have direct
leakage paths from Vyq to the ground, as such a logic gate
has almost no contribution to the total leakage power of a
system. To conclude, TG logic is the most attractive solution
for sub-threshold logic gates, taking variability into account.
Consequently, TG logic is the building block for all logic gates.

D. Cascading Logic Gates

To obtain an area- and energy-efficient design, it is beneficial
to cascade logic gates. However, Figs. 6 and 7 showed that
signal losses are present in sub-threshold logic gates. As a
result, by cascading too much logic gates, the robustness can
be deteriorated because of too large output signal losses. As
stated before, it is thus necessary to regenerate intermediate
signal levels. The previously discussed stacked nMOS inverter
can serve as such a regeneration circuit, as well as memory
elements like latches or flip-flops. The TG logic consumes con-
siderably smaller leakage power and dynamic energy than the
regenerating elements. Therefore, maximizing the number of
cascaded gates while guaranteeing functionality is beneficial in
terms of energy consumption. Fig. 9 shows the simulation setup
used to quantify how many logic gates can be cascaded without
compromising functionality. The stacked nMOS inverter is used
as a regenerating element. Fig. 10 gives the simulation results
for logic depths from 1 to 4 under intra-die variations. Since
TG logic gates suffer significantly more from output losses on
the high logic level (as shown in Fig. 7), the figures only display
the most pessimistic case where the output of the TG logic gates
is high.
Signal losses do not necessarily pose a threat for functional-
ity, as long as the inverter is able to interpret the logic level
correctly. Therefore, the spread of the input voltage level of
the inverter is compared to the spread of the switching point
of the inverter. In the case where the input should be a logic “1”
but the input voltage of the inverter is lower than its switching
voltage, the input is propagated incorrectly. To evaluate the
chance of this worst-case scenario, a criterion with a yield of
1 incorrect propagation out of a billion propagations has been
used. If for n logic gates, the chance of incorrect propagation is
smaller than 1 out of a billion, cascading n gates is considered
not to compromise robustness. This yield Y} /1 pinion is equal
to (1 — normedf(6)) for a single normal distribution, thereby
corresponding to 60. However, for two uncorrelated distri-
butions, the yield Vi1 pinion is equal to (1 — normedf(4))?,
hence corresponding to 40 for each distribution. Therefore,
both distributions of the output level of the cascade and the
switching point of the inverter are evaluated at 40: the red
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Fig. 10. Simulation results from the test setup in Fig. 9: cumulative distri-
bution function of the output voltage level (IN) of a cascade of n logic gates,
compared to the switching point Vi, of the inverter and the inverter’s output
(OUT), obtained with extensive MC simulations for Vgq = 150 mV.

vertical lines on Fig. 10 show the values of i — 4o of the input
voltage and p + 40 of the switching voltage. If the two values
coincide, a yield of 1 out of a billion incorrect propagations is
reached.

To make sure the cascade of logic gates functions under
all circumstances, the simulation is carried out for the target
minimal supply voltage of the building blocks, i.e., 150 mV.
Fig. 10 demonstrates that for logic depths of 1 and 2, there is
still a margin on the Y /1 pinion Criterion because pin — 4oN >
wy,, + 4oy, . Consequently, cascades of one or two logic gates
have a chance of incorrect propagation that is smaller than 1
out of a billion. Fig. 10 also shows that, for cascades of three
and four logic gates, pn — 4oin < pv,, + 4oy, . Therefore,
cascading more than two logic gates results in a deteriorated
yield. It can also be seen that the output of an inverter after
a cascade of four logic gates displays a higher spread than
the spread of its input, thereby making it highly discouraging
to use such logic depth. To conclude, for a 150-mV supply,
the criterion indicates that for a cascade of two logic gates,
the tradeoff between energy consumption and guaranteed ro-
bustness is optimal. However, for a higher supply voltage,
the maximum logic depth to guarantee reliable operation also
increases. A reduction of the number of regenerating elements
will thus be obtained by redoing the analysis with a higher
target supply voltage (e.g., 200 mV) to increase the maximum

logic depth.

III. SUB-THRESHOLD DESIGNS

To test the building blocks, two designs of datapath elements
were fabricated in the same 90-nm CMOS technology.

A. Design 1

The first design consists of a 32-bit logarithmic adder [5].
The adder is constructed with the building blocks described
in this paper, in a pipelined architecture. Each pipeline stage
is composed of 1 TG logic gate. Latch-based pipelining is
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Fig. 11. Measurement results of multiple dies of the two designs: average
clock frequency and energy consumption as a function of Vggq.

employed because such an architecture allows time borrowing,
i.e., the ability of slower logic using calculation time of faster
logic [17]. When some logic blocks require a longer calculation
time than others, a latch-based pipeline will tend to operate
at the average of the delays. Since sub-threshold logic gates
suffer from highly variable gate delays, time borrowing partly
mitigates this variability problem.

Measurement results of multiple dies [5] show that the
building blocks have been successfully validated in the sub-
threshold adder. The adder is fully functional down to a supply
voltage of 190 mV, thereby confirming that the building blocks
are operational in the sub-threshold region, as well as being
variation-resilient. At the minimal Vq, the clock frequency is
10 MHz and the energy consumption per addition is 0.4 pJ,
resulting in an energy-delay product (EDP) of 0.043 pl.us
(Fig. 11). These results demonstrate that it is possible to achieve
MHz-speed while obtaining ultra-low energy consumption.

B. Design 2

The second design is a 16-bit Multiply—Accumulate (MAC)
[6], which is a more complex datapath element that contains
feedback. A new architectural strategy with the same building
blocks is used to further improve performance and variation-
resilience. The pipeline stage length is increased by cascading
multiple TG logic gates, thereby decreasing the number of
latches. Therefore, all TG logic gates are implemented differen-
tially, which enhances the variation-resilience and eases the de-
sign of the latch. Most importantly, an extra measure is obtained
to reduce the effect of timing variations in the sub-threshold
region. [8] showed that by increasing logic depth, the effects
of individual gate variations on total path delay and energy
reduces. The MAC implements this averaging of variations by
cascading two differential TGs between the latches.

Improved measured results of multiple dies [6] are obtained
by using the new strategy. The MAC is functional down to
a significantly lower Vyq of 150 mV compared to the adder
due to the enhanced variation-resilience. The minimal energy
consumption per operation of 0.87 pJ occurs at a 190-mV
supply, at an EDP of 0.083 pJ.us. A frequency comparison
between the designs shows that at the same V34 of 190 mV,
the adder and the MAC are both able to operate at a clock
of 10 MHz (Fig. 11). The impact of timing variations is thus
drastically reduced, because the clock frequency remains equal
although the pipeline stage length is doubled in the MAC.

IV. CONCLUSION

This paper presented the design of digital circuits operat-
ing in the sub-threshold region. The circuits were targeted
to achieve an ultra-low sub-pJ energy consumption combined
with MHz-speed. Techniques for the circuit design of building
blocks have been thoroughly discussed, focusing on variation-
resilience and robustness. The building blocks have been vali-
dated in two designs fabricated in a 90-nm CMOS technology.
Both designs were fully functional at ultra-low supply voltages,
working at clock frequencies in the MHz-region and achieving
very low EDP figures. Architectural choices made it possible to
increase variation-resilience by implementing time borrowing
and averaging of timing variations.
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